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METHOD OF ESTIMATING BATTERY STATE
OF CHARGE

BACKGROUND

1. Field of the Invention

The present teachings relate to a machine implemented
method for estimating the state of charge of a battery. This
machine implemented method includes estimating the bat-
tery state of charge by use of a multi-layer model of an
clectrode to derive the state of charge, and utilizing battery
voltage and current readings to update diffusion coetlicients
used by the multi-layer model to obtain a more accurate
estimation of the battery state of charge. The method can be
implemented on a processing device to control battery charg-
ing conditions over a charging regime to optimize the battery
charging process.

2. Discussion of the Related Art

A Tusion type soit computing algorithm utilized to estimate
the state of charge of the battery from inputs including battery
current, voltage and temperature 1s set forth in U.S. Patent
Application Publication No. 2007/00052°76 Al. Another bat-
tery management system that determines the state of charge
of the battery by recerving signals such as current or voltage
from the battery 1s discussed 1 U.S. Patent Application Pub-
lication No. 2009/0001992 A1. A multi-layer model of proton
diffusion within a battery 1s discussed 1n U.S. Pat. No. 6,016,
047.

One model used to estimate a battery’s internal states 1s the
Single Particle Battery model. This model 1s presented 1n
detail 1n, at least, two technical papers, “Cycle Lite Modeling
of Lithium-Ion Batteries,” G. Ning, B. N. Popov, Journal of
Electrochemical Society 151 (2004), pages A1584-A1391,
and “Online estimation of the state of charge of a lithium 10n
cell,” S. Santhanagopalan, R. E. White, Journal of Power
Sources 161 (2006), pages 1346-1355, both of which are
incorporated herein in their entireties.

The well-known Coulomb-Counting method of estimating,
state of charge simply accumulates the output of the battery
current sensor but 1s susceptible to sensor error. This sensor
and calculation error 1s addressed by other battery model
estimation methods such as those using a Kalman filter. While
these methods update the state of charge estimation by com-
paring the model output and the actual measured cell voltage,
problems arise when there 1s both state of charge estimation
error and battery modeling error as will likely occur due to
cell variation and aging of the cell. A comparison of a results
obtained by a conventional filter method (solid lines) with
both an nitial state of charge estimation error and initial
modeling error versus the actual cell voltage and state of
charge (dashed lines) 1s illustrated 1n FIG. 1.

A need exists for a method that accurately determines the
state of charge of a battery which information can be utilized
to control a battery charging system, which can in turn, lead to
an 1mproved energy storage device, particularly for automo-
tive applications.

SUMMARY

The present teachings are directed to a machine 1mple-
mented method for estimating the state of charge of a battery.
The presently taught method includes providing measured
and estimated cell terminal voltages to a model coelficient
updater, and then updating the model coellicient. The model
coellicient can be the diffusion coeflicient for 10ons 1n the
active electrode material. The measured cell terminal voltage
and battery current are also provided to a battery state of
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2

charge estimator, along with the updated model coefficient.
The estimated state of charge of the battery and the estimated
cell terminal voltage are then determined by utilizing the
updated model coelficient, the battery current information,
and the measured cell terminal voltage 1n a multi-layer model
ol a battery electrode. The presently disclosed method can be
implemented on a processing device.

Also taught by the present disclosure 1s a battery manage-
ment system including a battery having positive and negative
clectrodes, a battery charger, and a charging control system
comprising a machine implemented method for determining
the state of charge of an electrode. This machine implemented
method 1includes imitially providing a measured cell terminal
voltage and an estimated cell terminal voltage to a model
coellicient updater, and updatmg the model coetlicient. The
updated model coefllicient i1s provided to a battery state of
charge estimator along with battery current information and
measured cell terminal voltage. The battery state of charge
estimator can then determine an estimated state of charge of
the battery and an estimated cell terminal voltage by utilizing
the updated model coetficient, the battery current informa-
tion, and the measured cell terminal voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the ivention and are incor-
porated 1 and constitute a part of this specification, illustrate
preferred embodiments of the imnvention and together with the
detailed description serve to explain the principles of the
invention. In the drawings:

FIG. 1 1s a graphical representation of the results of a
conventional filter versus experimental data for cell voltage
and state of charge;

FIG. 2 1s a graphical representation of the results of the
present disclosure versus experimental data for cell voltage
and state of charge;

FIG. 3 1s a schematic of the presently disclosed method;

FIG. 4 1s a graphical representation of an electrode divided
into multiple layers for an N=3 case;

FIG. 5 1s the state variable form of a multi-layer model;

FIG. 6 1s the state vaniable form of a multi-layer model
according to the present disclosure;

FI1G. 7 1s a graphical representatlon of the effect of magni-
tude of the diffusion coellicient on estimated cell terminal
voltage;

FIG. 8 1s a schematic of the presently disclosed model
coellicient updater, and

FIG. 9 1s a schematic diagram of an exemplary processing,
device according to the present disclosure.

DETAILED DESCRIPTION

The present disclosure teaches a machine implemented
method for estimating the state of charge of a battery. This
method can include the steps of providing measured and
estimated cell terminal voltages to a model coelficient
updater, and updating a model coetlicient by utilizing the
measured and estimated cell terminal voltages. The measured
cell terminal voltage and battery current are provided to a
battery state of charge estimator, along with the updated
model coetlicient. The estimated state of charge of the battery
and an estimated cell terminal voltage are then determined by
utilizing the updated model coetlicient, the battery current
information, and the measured cell terminal voltage 1n a
multi-layer model of a battery electrode. The presently dis-
closed method can be implemented on a processing device.
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In the presently disclosed method the battery can be a
lithium 10n battery, and the model coellicient can be a coet-
ficient of 10n diffusion within the active electrode material of
at least one of the electrodes of the battery.

The battery state of charge estimator of the presently dis-
closed subject matter can include a multi-layer model of the
ionic behavior within at least one of the electrodes. In some
embodiments of the present method, the electrode can be the
positive electrode of the battery. The method can be simpli-
fied by modeling only the behavior of the positive electrode as
the potential of the positive electrode 1s typically more domi-
nant than the negative electrode.

In the model coellicient updater utilized by the presently
disclosed method, amodel coelficient for a multi-layer model
1s updated for the electrode of interest, typlcally the positive
clectrode. The updating of the model coellicient occurs by
first acquiring a measured cell terminal voltage value from a
cell terminal voltage sensor, and also acquiring an estimated
cell terminal voltage value from the battery state of charge
estimator. Then change increments for both the measured cell
terminal voltage and the estimated cell terminal voltage are
determined. The absolute value of the measured battery cur-
rent 1s compared to a predetermined value, and 1f the absolute
value of the measured battery current 1s greater than the
predetermined value then the absolute value of change incre-
ment for the measured cell terminal voltage 1s compared to
the absolute value of the change increment for the estimated
cell terminal voltage, and the model coefficient 1s updated
accordingly.

The above steps are repeated until either the absolute value
of the change increment for the measured cell terminal volt-
age 1s equal to the absolute value of the change increment for
the estimated cell terminal Voltage or the absolute value of
the measured battery current 1s less than the predetermined
value.

The model coetlicient 1s updated depending on the rela-
tionship between the absolute value of the change increment
tor the measured cell terminal voltage and the absolute value
of the change increment for the estimated cell terminal volt-
age. When the absolute value of the change increment for the
measured cell terminal voltage 1s greater than the absolute
value of the change increment for the estimated cell terminal
voltage, then the updated model coefficient i1s the initial
model coefficient minus an incremental value, and when the
absolute value of the change increment for the measured cell
terminal voltage 1s less than the absolute value of the change
increment for the estimated cell terminal voltage, then the
model coetlicient 1s updated by adding an incremental value
to the initial model coellicient.

The imncremental value by which the model coelficient 1s
changed can be determined by considerations of both the
speed of estimation and the amount of fluctuation 1n the
model coetlicient.

The battery state of charge estimator of the presently taught
method can determine the estimated state of charge of the
battery and the estimated cell terminal voltage of the battery
by acquiring the measured cell terminal voltage, the cell
internal resistance, and the measured battery current, and
using a multi-layer model to determine the state of charge for
the multiple layers of the electrode of interest.

The multi-layer model utilized in the present method
solves for the estimated state of charge and the cell terminal
voltage by dividing each electrode into N layers of active
clectrode material, where N 1s a whole number greater than 1,
and acquiring the measured battery current and the internal
resistance of the battery. The states of charge for each of the N
layers of active electrode material can then be determined.
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The states of charge of each of the layers of the active elec-
trode material are a function of the difference between the
respective states ol charge of a layer’s adjacent layers. One
embodiment of this model 1s 1llustrated 1n FIG. 4 of the
present disclosure.

The N varniable of the present method can be a whole
number greater than one, and can be as large a number as
suitable for use of the present method. N can be selected by
one of skill in the art so as to provide a balance between
accuracy of the presently disclosed method and the ease of
solution.

The presently taught multi-layer model 1s presented 1n the
equations set forth below and 1s also illustrated 1n FIG. 4 for
the case where N 1s equal to 3.

The state of charge of the first layer of active electrode
material can be the solution to the following equation:

SOC(k+1)=8S0C,(k) = Dyig (SOC,(k) —SOC,(k)) + Ve

3600&'(@

The state of charge for each of the 2nd through the N-1%
layer of active electrode material can be the respective solu-

tions to the following equation:

SOC,, ,(k+1)=SOC,, | (;)+D 3,4(SOC (k) -SOC,, , (k)
D4 (SOC;, | (k)-SOC;,5(k))

for 1=1 to N.
The state of charge of the N” layer of active electrode
material can be the solution to the following equation:

SOC{(k+1)Y=SOC{(k)+D 4,/(SOCy_ 1 (k)-SOC (k).

In the equations set forth herein, the following definitions
apply:

[, Current to the battery 1n C rate

SOC, Local SOC of active electrode material at each layer

1=1 (outermost layer), 1=N (innermost layer)

D, »Dittusion coetficient, and
T . Update interval (second).
ff’he multi-layer model utilized herein can be expressed 1n
state variable form with the output being the estimated cell
terminal voltage, Vb(k), and the estimated state of charge.
The open circuit voltage (“OCV™) of the battery 1s a non-
linear function of the battery’s state of charge, and R 1s the
internal resistance of the battery. The internal resistance can
be obtained by a prior experiment or a real-time estimation
method such as the method described 1n Japanese patent
document, JP 2009-1034°/1, which 1s incorporated herein for
all purposes. An example of the state variable expression with
N equal to 3 1s set forth 1n FIG. 5.

In presently disclosed method, an additional term which
expresses the difference between the measured cell terminal
voltage, Vb(k), and the estimated cell terminal voltage 1s
included. This additional term provides feedback of the
model output error to obtain a more accurate estimation of the
state of charge. An example of this state variable expression
with the additional feedback term 1s set forth in FIG. 6.

To simplity solution of the state variable equation, the
multi-layer model can be solved for only the positive elec-
trode as 1ts behavior tends to be more dominant than the
negative electrode.

The present disclosure also includes a battery management
system including a battery having positive and negative elec-
trodes, a battery charger, and a charging control system com-
posed of a machine implemented method for determining the
state of charge of either electrode. This machine implemented

method 1includes 1mitially providing a measured cell terminal
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voltage and an estimated cell terminal voltage to a model
coellicient updater, and updating the model coellicient. The
updated model coeftficient 1s provided to a battery state of
charge estimator along with battery current information and
measured cell terminal voltage. The battery state of charge
estimator can then determine an estimated state of charge of
the battery and an estimated cell terminal voltage by utilizing,
the updated model coetlicient, the battery current informa-
tion, and the measured cell terminal voltage. The presently
disclosed battery management system can be implemented on
a processing device, as described in further detail below.

In the battery management device described herein, the
battery charger for charging the battery can be a generator,
such as, for example, a generator for a hybnd electric vehicle
in some embodiments. This battery management device can
be particularly applicable to lithium 1on batteries, although
application of the device 1s not so limited.

The processing device which can carry out the battery
management system described herein can include a proces-
sor, a random access memory, a read only memory, an input
device, an output device, and a bus, wherein the bus connects
the processor to one of more of the random access memory,
the read only memory, the mnput device, and the output device,
and the processor comprises a central processing unit.

Hybrid electric vehicle refers to vehicles that can incorpo-
rate two different sources of drive train power, for instance, an
clectric motor, and additionally, an internal combustion
engine, for example, a gasoline or diesel powered engine.

A comparison of cell voltage and state of charge estima-
tions (solid lines) obtained with the presently disclosed multi-
layer model versus the actual measured values (dashed lines)
1s graphically presented in FIG. 2. Here, the experimental
results (dashed line) are more closely matched by the meth-
ods and devices of the present disclosure than the results from
more conventional methods as illustrated 1n FIG. 1. With the
presently disclosed method, it 1s possible to more closely
match the experimental results by updating the model coet-
ficient and the estimated cell terminal voltage on a real time
basis and obtaining suitable results regardless of the variation
in battery behavior due to aging or other conditions.

As set forth 1 FIG. 7, the model coefficient, D ;, - impacts
the transient behavior of the estimated cell terminal voltage
obtained by the presently disclosed method. Shown here, a
smaller D ;. results 1n faster transient behavior for the esti-
mated cell terminal voltage. This relationship can be utilized
in updating the model coelficient.

A general schematic overview of one embodiment of the
present method 1s presented in FIG. 3 with FIG. 8 showing the
decision path of one embodiment of the voltage comparison
section of the model coelficient updater.

FIG. 9 illustrates an exemplary processing device 100,
which may be used to implement embodiments consistent
with the presently disclosed subject matter. Processing device
100 may be a battery control device, a subsystem of a battery
charging system, an engine control module on an automotive
vehicle, a personal computer (“PC”), a handheld processing
device, or another type of processing device. Processing
device 100 may include a bus 110, a processor 120, a random
access memory (“RAM™) 130, aread only memory (“ROM”)
140, an input device 150, and an output device 160. Bus 110
may connect processor 120 to RAM 130, ROM 140 and
output device 160.

Processor 120 may include one or more conventional pro-
cessors that imnterpret and execute instructions, including, but
not limited to a central processing unit (“CPU”). A memory
may iclude RAM 130, ROM 140, and/or another type of

dynamic or static storage device that stores information and
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instructions for execution by processor 120. RAM 130, or
another type of dynamic storage device, may store instruc-
tions as well as temporary variables or other intermediate
information used during execution of instructions by proces-
sor 120. ROM 140, or another type of static storage device,
may store static information and instructions for processor
120.

Input device 150 may include a data input source such as
input from a battery condition sensor, such as, a cell terminal
voltage sensor, a battery voltage sensor, or a battery current
sensor, or other device for providing mnput. Output device 160
may include a data output for data to be inputted into another
step of the presently disclosed method, or other device for
outputting information.

Processing device 100 may perform functions in response
to processor 120 executing sequences of istructions con-
taimned 1n a tangible machine-readable medium, such as, for
example, RAM 130, ROM 140 or other medium. Such
istructions may beread into RAM 130 from another tangible
machine-readable medium or from a separate device via a
communication interface (not shown). Analog to digital, and
digital to analog converters can also be present 1n the process-
ing device as needed.

As used herein, “adjacent” refers to articles or layers hav-
ing a common boundary or edge, that 1s, touching.

The present application s related to co-pending U.S. patent
application Ser. No. 12/129.416 filed May 29, 2008, U.S.
patent application Ser. No. 12/236,103 filed Sep. 22, 2008,
and U.S. patent application Ser. No. 12/500,654 filed Jul. 10,
2009, which are hereby incorporated herein 1n their entireties
for all purposes.

All publications, articles, papers, patents, patent publica-
tions, and other references cited herein are hereby 1ncorpo-
rated herein 1n their entireties for all purposes.

Although the foregoing description 1s directed to the pre-
terred embodiments of the present teachings, it 1s noted that
other vanations and modifications will be apparent to those
skilled 1n the art, and which may be made without departing
from the spirit or scope of the present teachings.

The foregoing detailed description of the various embodi-
ments of the present teachings has been provided for the
purposes of illustration and description. It 1s not intended to
be exhaustive or to limit the present teachings to the precise
embodiments disclosed. Many modifications and varnations
will be apparent to practitioners skilled in this art. The
embodiments were chosen and described i1n order to best
explain the principles of the present teachings and their prac-
tical application, thereby enabling others skilled 1n the art to
understand the present teachings for various embodiments
and with various modifications as are suited to the particular
use contemplated. It 1s intended that the scope of the present
teachings be defined by the following claims and their equiva-
lents.

I claim:

1. A machine implemented method for estimating the state
of charge of a battery, the machine implemented method
comprising:

providing a measured cell terminal voltage and an esti-

mated cell terminal voltage to a model coelficient
updater;

updating a model coellicient by utilizing the measured cell

terminal voltage and estimated cell terminal voltage;
providing battery current and measured cell terminal volt-
age to a battery state of charge estimator;

providing the updated model coetlicient to the battery state

of charge estimator, and
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determining an estimated state of charge of the battery and
an estimated cell terminal voltage by utilizing the
updated model coetficient, the battery current informa-
tion, and the measured cell terminal voltage,

wherein the method 1s 1mplemented on a processing

device, and the battery comprises at least one positive
clectrode and one negative electrode.

2. The method according to claim 1, wherein the battery
comprises a lithium 1on battery.

3. The method according to claim 1, wherein the model
coellicient comprises a coelficient of 10n diffusion within at
least one of the electrodes of the battery.

4. The method according to claim 1, wherein the battery
state of charge estimator comprises a multi-layer model of the
ionic behavior within at least one of the electrodes.

5. The method according to claim 4, wherein the electrode
comprises the positive electrode of the battery.

6. The method according to claim 1,

wherein the model coelficient updater updates a model

coellicient for a multi-layer model for an electrode of
interest by

a) acquiring a measured cell terminal voltage value from a

cell terminal voltage sensor;

b) acquiring an estimated cell terminal voltage value from

the battery state of charge estimator;

¢) determiming the change increment for the measured cell

terminal voltage;

d) determining the change increment for the estimated cell

terminal voltage;

¢) comparing the absolute value of the battery current to a

predetermined value, and 11 the absolute value of the
battery current 1s greater than the predetermined value
then

1) comparing the absolute value of change increment for

the measured cell terminal voltage to the absolute value
of the change increment for the estimated cell terminal
voltage;

o) updating the model coetlicient, and

repeating steps a) through g) until either the absolute value

of the change increment for the measured cell terminal
voltage 1s equal to the absolute value of the change
increment for the estimated cell terminal voltage, or the
absolute value of the battery current 1s less than the
predetermined value.

7. The method according to claim 6,

wherein when the absolute value of the change increment

for the measured cell terminal voltage 1s greater than the
absolute value of the change increment for the estimated
cell terminal voltage, then

the updated model coetlicient comprises the mnitial model

coellicient minus an incremental value.

8. The method according to claim 6,

wherein when the absolute value of the change increment

for the measured cell terminal voltage 1s less than the
absolute value of the change increment for the estimated
cell terminal voltage, then

the updated model coetficient comprises the mitial model

coellicient plus an incremental value.

9. The method according to claim 6, wherein the model
coellicient comprises a coelficient of 10n diffusion within at
least one of the electrodes of the battery.

10. The method according to claim 1,

wherein the battery state of charge estimator determines
the estimated state of charge of the battery and the esti-
mated cell terminal voltage of the battery by:

acquiring the measured cell terminal voltage, the cell inter-
nal resistance, and the measured battery current;
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using a multi-layer model to determine the state of charge
for the multiple layers of the electrode of interest, and
then
determiming the estimated cell terminal voltage and the
estimated state of charge of the battery.
11. The method according to claim 10, wherein the multi-
layer model comprises
dividing each electrode mnto N layers of active electrode
material;
acquiring the measured battery current;
acquiring the internal resistance of the battery;
determining the open circuit voltage of the battery, and
determiming the state of charge for each of the layers of the
active electrode material; and
wherein the state of charge of each of the layers of the
active electrode material comprises a function of the
difference between the respective states of charge of
layer’s adjacent layers, and
wherein N 1s a whole number greater than 1.
12. The method according to claim 10, wherein the elec-
trode of interest comprises the positive electrode.
13. The method according to claim 11, wherein the state of
charge of the first layer of active electrode material comprises
the solution to the following equation:

NT.
I, (k).

SOCy(k + 1) = SOC, (k) = Daig (SOC1 (k) = SOC (k) + 2=

14. The method according to claim 11, wherein the state of
charge for each of the 2nd through the N-17 layer of active
clectrode material comprises the respective solutions to the
following equation:

SOC,, (k+1 )ZSOCI-H(k)+DdI-f(SOCI-(k)—SOCI-+1(k))—
D/(SOC,,, (k)-SOC,, ()

for 1=1 to N.

15. The method according to claim 11, wherein the state of
charge of the N” layer of active electrode material comprises
the solution to the following equation:

SOC{(k+1)=SOC(k)+D 4,/(SOCy_, (k) -SOC (k).

16. A battery management device comprising:

a battery having positive and negative electrodes;

a battery charger for charging the battery; and

a charging control system comprising a machine imple-
mented method for determining the state of charge of
cither electrode of the battery, the machine implemented
method comprising:

providing a measured cell terminal voltage and an esti-
mated cell terminal voltage to a model coelficient
updater;

updating a model coellicient by utilizing the measured cell
terminal voltage and estimated cell terminal voltage;

providing battery current information and measured cell
terminal voltage to a battery state of charge estimator;

providing the updated model coellicient to the battery state
of charge estimator; and

determining an estimated state of charge of the battery and
an estimated cell terminal voltage by utilizing the
updated model coetficient, the battery current informa-
tion, and the measured cell terminal voltage,

wherein the method 1s 1mplemented on a processing
device.

17. A battery management device according to claim 16,

wherein the battery charger for charging the battery com-
prises a generator.
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18. A battery management device according to claim 16, dom access memory, a read only memory, an input device, an
wherein the battery charger for charging the battery com- output device, and a bus,
prises a generator for a hybrid electric vehicle. wherein the bus connects the processor to one of more of
19. A battery management device according to claim 16, Fhe random access memory, the I ead only memory, the
wherein the battery comprises a lithium ion battery. > input device, and the output device, and

20. A battery management device according to claim 16, the processor comprises a central processing unit.

wherein the processing device comprises a processor, a ran- %k % k%
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